I INTRODUCTION
The Oak Ridge National Laboratory is leading a conceptual design for a next generation pulsed spallation neutron source, the Spallation Neutron Source (SNS). There are three major accelerator systems included in Brookhaven's area of responsibility. First is the High Energy Beam Transport (HEBT) system. Secondly, the Accumulator Ring (AR) system and thirdly, the Ring to Target Beam Transport (RTBT) system. This paper describes the design of the AR itself whose magnet and tunnel layout is shown in Fig. 1 .
The proton Accumulator Ring is one of the major systems in the design of the SNS. The primary function of the AR is to take the lGeV H-beam of about lmsec length from the linac and convert it into a 0 . 5~s beam through a stripping foil in about one thousand turns. The final beam should have 1 . 0~1 0~~ protons per pulse, resulting in 1MW design average beam power at 6OHz repetition rate. Provisions have been reserved for a future upgrade to 2MW beam power by doubling the stored current to 2 . 0~1 0~~ proton per pulse without changes in both the magnet and vacuum system [l]. One of the major performance requirements is to keep the average uncontrolled particle loss during the accumulation time to less than ~. O X~O -~ per pulse. The reason of this stringent requirement is to keep the residual radiation to such a level that the hands-on maintenance is possible except for a few localized areas, such as: injection, extraction and collimation. To achieve this goal, special care have been exercised in the H -stripping, the FU? stacking, and the collimator design.
In Section 2, the lattice design, H-injection and RF stacking process of the SNS accumulator ring will be described. Space charge tune shift and resonance stopband corrections is presented in Section 3. The study in halo formation and its implications on the collimator placement and design is given in Section 4.
I1 LATTICE, H -INJECTION AND RF STACKING
The accumulator ring of the Spallation Neutron Source (SNS) will have a fourfold symmetric lattice. Its lattice function is shown in Fig. 2 [2] . The lattice will accommodate the long straight sections required for the injection system, the extraction system, the RF cavities, and the beam scraping system. The straight sections will be dispersion free, which is desirable, especially for the RF cavities and the injection system. The lattice will provide ease of betatron tuning and flexibility of operation. Unlike lattices of lower symmetry, a lattice of four-fold symmetry will assure that there are no dangerous betatron structure resonances other than for the integer tune. Lattice functions and other salient performance and design parameters of the accumulator ring are summarized in Table 1 .
The most demanding system in the design of the 1MW short pulse spallation neutron source is the H-multi-turn injection into the storage ring [3] . For the SNS accumulator ring, a carbon foil of 400pg/cm2 is assumed. The stripping efficiency for lGeV incident H-beam is about 99.8%. The temperature rise for the 1MW design is estimated to be about 3200°C. In addition, it has been found that a. Stripping losses in passage of the H-beam through the B=3kG field in a DC bump dipole magnet upstream of the stripper foil are negligible.
b. A fraction f(Ho) = 8 . 1 9~1 0 -~ of the incident H-beam will emerge as H" from a 400pg/cm2 carbon stripper foil and must be disposed of in itll external dump. To accumulate all the particles needed and keep them in proper azimuthal distribution, a dual harmonic FU? system is employed. The fundamental RF system will provide 40kV and the second harmonic RF system will provide 20kV to form a flattened RF bucket for particle trapping with resulting bunching factor of about 0.4. Such a RF system will reduce the incoherent tune shift by 25%. The 4dimensional multi-particle tracking program Accsim is needed to follow the 1200 turns of particles in the ring. The resultant beam distributions in real space and in FtF phase space are shown in Fig. 3 and Fig. 4 respectively [4] . Much more work has to be done in this exercise to determine the optimal combination of RF waveform and injection strategy. 
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-7. We will briefly review the intensity evolution of the AGS from a few 1O1O ppp to 6 . 3~1 0 '~ ppp to get some idea of the effect of space charge tune shift at injection.
Shown in Figure 2 is the intensity evolution of the AGS since its completion in 1961 [5, 6] . Two major upgrades to the AGS complex were carried out since its operation for physics research in 1961. The Major improvements in the intensity record are summarized briefly in the following chronology of Table 2 . It is clear that raising the injection energy is the most effective way to increase the achievable intensity for a space charge limited low energy proton synchrotron.
It is also clear that many accelerator physics manipulations have to come into play to keep all those particles inside the synchrotron. The reason that raising injection energy helps to store more particles is due to the reduction of the incoherent space charge tune shift during injection. A good indication of the space charge effect at injection is given by the expression of incoherent space charge tune shift [7] : where rp=1.54x10-18 m is the classical proton radius, N is the total number of protons, EN is the normalized beam emittance, Bf is the bunching factor, and p and y are the beam velocity and energy. At the tune shift level about 0.35 unit, the acceptable proton intensity changed from 3x1Ol2, to 1013 and to 6~1 0~~ ppp at three different injection energies respectively.
As shown in Table 2 , the incoherent space charge tune shift at injection can reach as high as 0.55 unit. That means many particles in the beam can move cross half integer and third integer resonance lines. Properly placed quadrupoles and sextupoles are used to correct the stopband width of those resonances to minimize the amplitude growth. Experiences showed that each correction could account for from few percent to tens of percent of reduction of particle losses.
Due to the strong energy dependence of the amount of tune shift caused by the space charge force, raising injection energy can alleviate this limiting effect. This is also the reason that the US Spallation Neutron Source design chooses to have full energy injection at 1GeV.
B Design for the SNS Accumulator Ring
Now let's look at the space charge tune shift for the SNS accumulator ring. According to eq.(l), with N=l.Ox 1014 ppp, ,6=0.875, y=2.066, Bf=0.44, e~=217, the expected tune shift is Such a tune shift is relatively small compared to a value of about 0.3 at ISIS and 0.25 at PSR.
Because the ring will operate at very high intensities for which stringent limits on losses will be imposed, the possibility of beam loss due to resonance excitation must be considered. The second, third and fourth-order resonances between tunes of 5 and 6 are shown in Figure 5 [2] . Although the space-charge tune spread of the beam is expected to be small (-O.l), there are a number of resonance lines sufficiently close to the working point to be of concern. Moreover, even though lines such as those excited by normal and skew quadrupoles are far from the working point, they can cause unfavorable distortions of the betatron functions. The fourfold symmetric lattice allows placement of correction elements so that either even 
Fourth-Order Resonances
The fourth-order resonance lines are driven by octupoles (both normal and skew) and those closest to the working point pass through the point v, = vv = 5.75 in Figure 5 . The effects of these lines can be reduced by exciting the octupole correctors with harmonic 0. Schemes for correcting specific lines are under investigation.
The octupole correctors also allow for Landau damping of transverse instabilities.
d. Structure Resonances One consideration in our choice of a lattice was the avoidance of structure resonances. . The 4fold symmetric lattice has fourth-order structure resonances at betatron tunes of 5 and 6; third-order at tunes of 5.333 and 6.666; and secondorder at a tune of 6. However, none of these are near the proposed working point. A 3-fold symmetric lattice that has been considered in previous design studies, on the other hand, has fourth-order structure resonances at a betatron tune of 3.75 which is right on top of the proposed working point for this lattice. Although these resonances may not hurt the ring performance, they are best avoided.
IV HALO FORMATION AND COLLIMATION
One of the major performance requirements of the SNS ring is to keep the average uncontrolled particle loss during the accumulation time to less than ~. O X~O -~ per pulse. The reason of this stringent requirement is to keep the residual radiation to such a level that the hands-on maintenance is possible except for a few localized areas, such as: injection, extraction and collimation.
Typical beam losses of existing low power proton synchrotron are in the order of a few percent. Let us use the AGS and the proposed SNS ring as example. The relevant beam parameters are summarized in Table 3 . It can be clearly seen that 1% loss of the SNS ring is equivalent to the entire flux of the AGS beam. Such a situation is totally unacceptable. In other words, there i s about factor of 1.6 of space allowed in both vertical and horizontal dimension. The question now is that "is it enough?" It has been found that the large amplitude particle can interact with the core particles to move either closer to the center or away from the center [8-lo] . This process can be understood by an envelope oscillation created by the mismatch between the beam shape and the lattice of the focusing channels. A particle in the halo region tends to be driven away in such a mismatched focusing channel. Although the smaller amplitude particles stay close to the stable k e d point in the center, the larger amplitude particles can drift away following the multiple islands as show in Fig. 6 [SI. The crucial questions now, are how far the islands can extend away from the center, what are the dynamical nature of the islands, and when the chaotic motion will set in. Those are all important questions to be answered by any new high power accelerators. It can happen both in the linac and in the circular rings. A thorough understanding of the halo dynamics as function of mismatch, power supply ripple, space charge tune shift, and the lattice structure, etc., is necessary to be able to estimate the degree of beam losses and placement of collimators with confidence.
P
Assuming Gaussian distributions shown in Fig. 7 , the development of proton synchrotron and main attention of accelerator physics in the past 40 years can be roughly classified into three period. We heard from T. Wangler that for a tune-depressed and mismatched linac beam, the amplitude growth can reach 5 to 6 times of the beam root-mean-square size. In a synchrotron, both the tune depression and mismatch is less than that of a linac, themaximum amplitude growth should be lower. However, the actual performance can only be understood after careful tracking studies.
The SNS collaboration.initiated two programs to meet the need of reliable and flexible &dimensional tracking code for injection and halo studies. Such a code should include space charge effect in both transverse and longitudinal planes following the injection process of turn-by-turn build up from the linac with an aim to push the reliability %it far beyond what is,zavaiIabIe today for the design of the injection process and the collimation strategy of the SNS accumulator ring. To meet the design requirements, the code should be able to give reliable answer to particle dynamics at large amplitude to better than 1%.
Our first effort is to generate a new code which is called "Sensible Analysis Model for Beams in Accelerators" (SAMBA). Although there are similar codes, such as ACCSIM of TRJUMF, Simpson of KEK and Track2 of ESS, we feel that the SNS project needs a specialized code, that could be developed in parallel by all the members of the joint team, and is more comprehensive than existing codes, yet devoid of things that are not so important for our project. In doing so, we have freely borrowed from other codes we know, trying to collect the best in each one of them. We report the development of simulation codes by the joint team. The salient feature of this new code is summarized in the following [ll] .
SAMBA is written in C++. We did this for two main reasons:
0 development of programming modules in parallel is more natural with C++ than with Fortran. This is why C++ has become the standard in the Industry,
where a large group of programmers are often working on the same code, to bring it as early as possible to the market.
0 the code is run under the supervision of a Supercode that allows the coexistence of compiled and interpreted modules, making development and debbuging very natural, as it will be explained later in detail.
the machine optics code that produces the main accelerator descriptor is MAD. This is a well developed and maintained code able to describe all of the features of the ring lattice, including higher order transformation matrices and the treatment of. lattice errors.
SAMBA is independent from any specific graphic .packages. Output to graphics can be done through files or by direct pipe from the code to graphics, in order to allow for animation. An intriguing possibility is to use the graphic kmware tools of the workstation to perform some of the calculations. Most of our design work on SNS injection and RF stacking has been performed using SAMBA. Work is continuing to complete this code development.
Since the most crucial physics input in this tracking code is the treatment of space charge force, to save time, some kind of approximations are always made. Such a simplified approach is necessary in comparing one scenario from another. However, its accuracy has to be checked by more reliable approach. To establish a benchmark for simplified treatment and establish accuracy of the calculation we create a particle in cell (PIC) module for space charge calculation. the accumulator ring to minimize the halo growth during injection.
Applying the PIC and particle-core model to the realistic injection study for the SNS ring, the particle distribution as a function of emittance is plotted in Fig. 9 for one of the injection scenario in vertical plane [13] . It can be seen that the result indicates that there is no particle outside of the 1207r emittance using old tracking code, but there is a few percent of particles fall outside of 180n boundary. We would like to emphasize again that those results obtained here are very preliminary. There is a tendency for a PIC to overestimate the space charge effect if there are not sufficient number of particles in each bin. We will continue this study with more particles and more bins to search for convergence and reliability.
To contain those particles inadvertently migrating toward the wall, after all careful considerations and provisions, a collimator system has to be designed to catch the bulk of them before hitting the wall. For example, for the SNS four collimators, 3.2m each, enclosing a 4 7 r solid angle around the source point and stuffed with segmented material to capture all secondary particles generated by the incident protons will be provided to reduce the radiation effects by a factor of 100. This Ivay, most of uncontrolled losses will occur at the collimator, leaving ring components relatively intact for reliable operation 1151.
For the SNS ring, the beam emittance is 120n and the physical acceptance is 360n. The hard decision is where to put the collimator? The possibility could be around 220n to 260n. The good answer can only be provided by the results from a reliable tracking code incorporating full space charge effects. We will continue to work in this direction to h d satisfactory solution for SNS. One way to minimize the particle interception by the collimator is to introduce bend crystal upstream of the collimator to bring large amplitude particles outside of the accumulator ring.
Depending on the h a l strategy adopted, the collimator will take a few percent to a few tenth of a percent beam losses and should be able to sustain direct hit of full beam for few pulses. With the help from this workshop, we will incorporate all the good ideas suggested to improve on the SNS design.
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